Reduced zones in the subsurface represent biogeochemically active hotspots enriched in buried organic matter and reduced metals. Within a shallow alluvial aquifer located near Rifle, CO, reduced zones control the fate and transport of uranium (U). Though an influx of dissolved oxygen (DO) would be expected to mobilize U, we report U immobilization. Groundwater U concentrations decreased following delivery of DO (21.6 mg O 2 /well/h). After 23 days of DO delivery, injection of oxygenated groundwater was paused and resulted in the rebound of groundwater U concentrations to preinjection levels. When DO delivery resumed (day 51), groundwater U concentrations again decreased. The injection was halted on day 82 again and resulted in a rebound of groundwater U concentrations. DO delivery rate was increased to 54 mg O 2 /well/h (day 95) whereby groundwater U concentrations increased. Planktonic cell abundance remained stable throughout the experiment, but virustomicrobial cell ratio increased 1.8-3.4fold with initial DO delivery, indicative of microbial activity in response to DO injection. Together, these results indicate that the redoxbuffering capacity of reduced sediments can prevent U mobilization, but could be overcome as delivery rate or oxidant concentration increases, mobilizing U.
Introduction
Subsurface sediments are chemically and physically heterogeneous due to deposition and burial of soil horizons and surface derived organic material. (1, 2) These organicrich deposits represent an important facies type of subsurface sedimentary systems that generate reduced zones. The high concentrations of sedimentassociated organic matter in the reduced zones generate "biogeochemical hotspots" distinct from the surrounding sediment matrix(3−5) and may result in diagentic retention of reduced chemical species including iron (Fe(II)) and contaminants such as uranium (U(IV)).(4−6) The reduction and oxidation of U plays a significant role in controlling U mobility.(5,6) Uranium mobility is primarily controlled by the very low solubility of solidphase U(IV) minerals.(7) As such, biostimulation of Ureducing bacteria has been used to immobilize U in subsurface systems. (8−11) The stability of the immobilized U in these reduced regions depends on maintaining the immobile, reduced state rather than forming U(VI), which is highly soluble and complexes with carbonate.
(12) The influx of oxidants, such as DO or nitrate, into reduced subsurface systems threatens long term sequestration of U as U(IV)bearing minerals by oxidizing and thus dissolving the minerals rendering U mobile in groundwater. is not yet well understood. However, the prevailing hypothesis describes that an influx of oxidants (such as DO and nitrate) will oxidize reduced metals and radionuclides subsequently increasing U mobility. (23, 24) The influx of electron acceptors into reduced environments is recognized to stimulate microbial activity. Previous column studies indicate that upon exposure to an oxidant, reoxidation of bioreduced U(IV) occurs (21, 25, 26) along with changes to microbial population structures.
(27,28)With increased microbial metabolic activity, virus production has also been observed to increase,(29) which could further contribute to carbon flux. Though the role of viruses in subsurface systems is poorly understood, viruses have been described to play a significant role in carbon cycling in marine and freshwater pelagic environments through the lysis of host cells during the process of lytic reproduction and the subsequent release of available carbon and nutrients.
(30−32)Viruses have been detected via direct counts,(33−35) metagenomic data,(36,37) transcripts of viral proteins,(38) and electron microscopy(39) in shallow alluvial aquifers including U contaminated environments such as the U.S. Department of Energy (DOE) Rifle field site.
Groundwater from organic rich regions of this aquifer also contained high viral loads, likely due to the greater microbial activity expected in organicrich sediments.(35) Given the abundance of viruses in shallow alluvial aquifers, processes in the subsurface similar to those observed in surface waters can further drive biogeochemical cycling in subsurface systems and subsequently influence metal/radionuclide mobility. Though viruses have been demonstrated to be abundant in groundwater and subsurface environments, (29, 40, 41 ) the biogeochemical role they play in situ in subsurface sedimentary environments remains poorly characterized.
In an effort to investigate the effect of naturally occurring oxidant influx on the stability of U in a reduced aquifer we injected oxygensaturated groundwater into a previously bioreduced experimental plot (U.S. Department of Energy (DOE) Rifle field site). The shallow unconfined alluvial aquifer contains Ubearing sediments that contribute to groundwater U concentrations that exceed the maximum contaminant level.(42) Biostimulation of metal reducers by acetate injection has been used as a U remediation strategy in the Rifle aquifer and resulted in the successful removal of dissolved U from groundwater via the biogenic precipitation of reduced U(IV) minerals.(8−11) A byproduct of the in situ acetate injection was the accumulation of biomass and the production of artificially reduced sediments, creating a bioreduced zone in the aquifer. (43, 44) In addition to U(IV) bearing minerals, the bioreduced zone in this aquifer contains not only reduced soluble chemical species but also reduced minerals such as mackinawite (FeS) and framboidal pyrite (FeS 2 ).
(5,8) These artificially bioreduced sediments share many similar characteristics with natural buried organicrich sediment lenses, such as concentration of U(IV) and an abundance of iron sulfide minerals.(4,42) Thus, this bioreduced zone may be indicative of biogeochemical behavior in the wider Upper Colorado River Basin region where naturally reduced sediments are postulated to play a major role in the fate and transport of groundwater U.(42) The final acetate injection that generated the bioreduced zone was completed a year prior to the experiment described here. Here we collected groundwater from an upstream well, sparged the groundwater with air and injected back into a bioreduced region of the aquifer. The DO injection experiment lasted 123 days from August 18, 2012 to December 19, 2012. During this period, the injection was repeated, followed by an injection at a higher rate to increase the total amount of DO injected into the aquifer per unit time.
Each injection was separated by pauses. Groundwater geochemical changes were monitored over time concurrent with cell and virus abundance as an assessment of microbial activity. 
Materials and Methods

Field Site
The in situ field experiment was conducted on the DOE Rifle field site located 480 m east of Rifle, Colorado (USA). The site hosts a shallow, unconfined alluvial aquifer situated beneath a floodplain formed by a meander of the Colorado River. This aquifer is composed of Holoceneage alluvium consisting of sandy gravel and gravelly sand interspersed with silts and clays deposited by the river and overlying the Paleogene Wasatch Formation,(9,45) which serves as a local aquitard. The bottom 3-4.6 m of the alluvial sediments are saturated, but groundwater level fluctuates and can increase by as much as 1.5-1.8 m during periods of high runoff. Hydraulic conductivity is estimated to be 2-10 m/day with an average alluvium porosity estimated to be 15-35%.(46) The major source of groundwater in the aquifer is subsurface flow and recharge from the north, flowing southwest toward the Colorado River ( Figure 1 ) with localized spatial and temporal variations during high runoff. Additional minor contributions to groundwater flow potentially come from infiltration from an onsite ditch, recharge from precipitation, or hyporheic inflow of water from the Colorado River. CO. Upgradient well CU01 was never bioreduced. CD wells were bioreduced in past field studies through acetate injections. In this study, groundwater containing DO was pumped into injection wells, CG01 through CG06, to introduce DO into the bioreduced region. Sampled monitoring wells CD18, CD01, CD02, and CD03, received the injectate. Samples collected from monitoring wells CD11 and CU01 represented regions of the aquifer that was not amended with DO injectate.
Aquifer Conditions Prior to Oxygenated Groundwater Injection
Biostimulation of the indigenous metal/radionuclide reducing microbial community with acetate created a bioreduced zone consisting of immobilized U within this aquifer. Generation of the bioreduced zone was accomplished through acetate injection over two successive field seasons (Table 1 ). This was in contrast to the upgradient well CU01 (unreduced region of aquifer), in which low Fe(II) and sulfide concentrations (0.27 mg/L and 1.92 μg/L, respectively) were observed ( Measurements conducted 37 days before injection.
Oxygenated Groundwater Injection
The oxygenated groundwater injectate was prepared by sparging groundwater with air until saturation with atmospheric O 2 and amended with a conservative tracer, deuterium (as D 2 O; tank concentration δD = +240‰). The source of groundwater originated from an unamended well (CU01) and was pumped directly into a storage tank (18,000 L). Oxygenated groundwater was injected into the aquifer during three different periods separated by pauses between each injection period. Each injection and pause period is denoted by a numbered phase. In order to account for migration time, the phases in downgradient wells are delineated by tracer concentrations at each monitoring well. As such, the corresponding dates of each phase vary between wells and are indicated on each figure.
During Phase 1 of the experiment (days 0-23), oxygenated groundwater was injected into 6 injection wells (CG01-CG06) at a rate of 36 mL/min per well in order to achieve a final DO concentration of 2-2.5 mg/L. The injectate was circulated between adjacent wells using a peristaltic pump.(8) During
Phase 2 (days 23-51), mineralization in the injectate line resulted in a decrease in the delivery of oxygenated groundwater as indicated by tracer concentrations ( Figure S1 ). Later during Phase 3
(days 51-80), injection lines were checked periodically and cleaned to maintain flow rates. The injectate migrated through the aquifer, passing through downgradient wells. During Phase 4 (days 75-95), injection halted again, with a brief injection from day 79-85. On day 85, the brief injection was halted for tank refilling and equipment maintenance. During Phase 5 (days 95-125), the injection rate was increased by 2.5fold (90 mL/min per well) in order to increase the aquifer DO concentration to ca. 5-6 mg/L. Because O 2 delivery was achieved by groundwater injection, subsurface flow rates may have changed by less than 10 mL/h during the slow injection phase to less than 15 mL/h during the fast injection phase. However, water table levels did not rise in comparison to unamended controls ( Figure S9A ). Because of a temperature differential, the injectate slightly increased groundwater temperature no more than +1 °C before day 70 and no more than −2 °C after day 70 ( Figure S8 ).
Several precipitation (rain and snow) events occurred over the course of the experiment with a maximum of 13 mm of precipitation recorded ( Figure S9B ). Days 5, 37, 55, and 84 were the only events associated with any considerable rise in the water table ( Figure S9A ).
Actual groundwater DO concentrations were measured along with ORP in purged wells using The rate of O 2 delivery into each well was determined by the following equation:
where V is the volume of the well, and ΔDO out is the decrease in DO concentration due to flushing. ΔDO out is calculated by the equation:
where m is the firstorder rate of loss of the tracer determined by measuring the rate of loss of the tracer during Phases 2 and 4 when injectate delivery was stopped. Aqueous U concentrations in downgradient wells were corrected for the soluble U delivered by injection. Injected groundwater accounted for no more than 10% of sampled groundwater at its greatest extent during the slow injection phase and less than 18% during the fast injection phase.
Over the course of the experiment, groundwater samples for cation, anion, pH, and Fe(II) analyses were collected from certain wells. Effects of the O 2 delivery were studied in the four wells (CD18, CD01, CD02, CD03) closest in proximity to where the DO influx meets the bioreduced zone. These were compared to two controls: an upgradient control that had never received acetate amendments (CU01) and a control that was previously biostimulated with acetate but in which no O 2 is delivered (CD11) (Figure 1 ). Other parameters (DO, ORP, temperature) were measured in situ within the wells. Samples for cell and viral enumeration over the course of the experiment were also collected.
Geochemical Analyses
Samples for anion, dissolved inorganic carbon (DIC), and DOC analyses were filtered (0.45 μm PTFE) and stored at 4 °C in noheadspace HDPE (anion) and glass vials (DIC/DOC) until analysis.
(51,52) Anions were measured using ion chromatography (ICS2100, Dionex, CA) equipped with AS18 analytical columns. (53) viruses/mL, respectively, resulting in a virus tomicrobial cell ratio (VMR) of 10.6 (Table 1) . VMR ranged from 6.4 to 13.5 in sampled wells within the bioreduced zone (CD18, CD01, and CD11) ( Table 1) .  Though DIC concentrations in the upgradient control well CU01 also fluctuated, DOC concentrations did not signficantly change ( Figure 2W ). Total Fe (fraction <0.45 μm) decreased during Phase 1 and was negatively correlated with the mass of DO consumed (Figures 3 and S2) . Measured groundwater Fe(II) concentrations were not significantly correlated to DO. Similar to total Fe, total Mn concentrations were also negatively correlated with DO consumption (Figures 3 and S2) . The injection of DO resulted in an increase in virus abundance relative to the control wells that did not receive the DO injection, day 4 to 11 ( Figure 4B ). During this period, virus abundance and the virustomicrobial cell ratio (VMR) increased relative to the control wells ( Figure 4B ). The virus abundance increased 136% and 71% in CD18 and CD01, respectively, while in the control wells, viral abundance increased only 7% (CU01) and 33% (CD11). In downgradient wells, the VMR increased 32% (CD18) and 44% (CD01), and in control wells the VMR only increased 3% (CU01) and 9% (CD11). The increases were not due to a higher load of viruses in the injectate. If the injectate were to account for the increase in viruses observed in CD18, nearest the injection wells, virus abundance in the injectate would have had to have been greater than those observed in the Colorado River.(35) Cell abundances would also be expected to increase. However, cell abundance remained relatively constant over the course of the experiment despite the influx of an electron acceptor and evidence of biogeochemical activity ( Figure 4A ). Viral abundance continued to increase in downgradient wells until it was 1.5 to 4fold higher compared to the beginning of the experiment (1.1 × 10 6 -2.1 × 10 6 viruses/mL to 2.3 × 10 6 -4.6 × 10 6 viruses/mL) ( Figure 4A ). VMR in downgradient wells increased (1.8 to 3.4fold) from 3.9 to 10.1 to a maximum of 11.0-17.9 ( Figure 4A ). An increase in virus abundance in control wells indicate that viral abundance can naturally fluctuate between sampling time points (approximately 1 week). While VMR in control wells fluctuate throughout the experiment, the highest increase was observed in downgradient wells immediately after DO injection. A 3fold increase in virus abundance in CD11 (from 9.7 × 10 5 to 2.9 × 10 6 viruses/mL) was also observed concomitant with a decrease in ORP (from −155 to −289 mV), similar to other wells from the bioreduced zone ( Figures 2G and 4A ). 
Results
Phase 2: Response after a Pause in O 2 Delivery
Delivery of oxygenated groundwater was paused on day 23 due to mineral precipitation in the injectate line. During the pause in oxygenated groundwater injection, groundwater DO concentrations remained below detection limits (<0.2 mg/L) (Figure 2A,B) . However, the pause in oxidant delivery resulted in the shift from a reducing system (ORP −305 ± 11 mV) to a slightly more oxidizing (ORP −141 ± 6 mV) system and allowed the ORP to recover to preinjection levels (−148 ± 24 mV) ( Figure 2E,F) . The pH decreased during Phase 2 but did not correspond with ORP changes ( Figures 2E-H and S5B ). The pH reached as low as 6.5 in some wells, including CU01 ( Figure 2E -H). The change in redox conditions is marked with a rebound in groundwater U concentrations back toward preinjection levels ( Figure 2I ,J), while groundwater Fe and sulfate concentrations also trended upward ( Figures 2M,N, S2 , and S3). A visual observation of orangered mineral precipitates on membrane filters and appearance of orangered mineral flocs in well casings from downgradient wells was observed when the ORP increased ( Figure S4 ). The orangered mineral precipitates are consistent with the precipitation of iron oxides that would occur in an oxidizing system. The rate of oxgenated groundwater delivery into the aquifer was increased by 2.5 times from 21.6 mg O 2 /h per injection well to 54 mg/h when the injection resumed on day 95 in order to determine whether the total amount of O 2 impacted U mobility. Despite the increase, groundwater DO remained suboxic (<0.2 mg/L), indicating near complete consumption of the introduced DO (Figure 2A,B) . The ORP in all wells was observed to increase, ranging from −86.8 to +164.7 mV on day 101 ( Figures 2E-H and S5B ). This observation included unamended control wells CU01 and CD11 ( Figures 2E-H and S5B ). The rise in ORP was accompanied by a decrease in total Fe and groundwater pH in all wells and initially an increase in groundwater sulfate concentrations. The loss of total iron and increase in ORP and sulfate suggests the intrusion of oxidized species, possibly DO, from the capillary fringe following an aquifer recharge event or flow from upgradient. The increase was greatest in the upgradient well CU01, rising to +164.7 mV from −213.5 mV ( Figure 2H ).
Groundwater U concentrations did not change in the upgradient well ( Figure 2L ). In the unamended acetatereduced control well, CD11 groundwater U concentrations slightly increased by 15 μg/L ( Figure 2K ). In contrast to control wells CU01 and CD11, groundwater U concentrations substantially increased in all amended wells ( Figures 2I-L and S5C ), up to 124 μg/L. During Phase 5, as DO was consumed more groundwater U was released into solution ( Figure 5 ). These results are opposite of the decrease in groundwater U when the rate of DO injection was low ( Figure 5 ). Groundwater total Fe and Mn decreased with O 2 delivery ( Figure S2 ). While groundwater sulfate concentrations were initially observed to increase, groundwater sulfate concentrations decreased to levels similar to those measured at the beginning of Phase 5. During this period, DOC concentrations diverged. In CD01, DOC increased to 10.4 mg/L, while in both CD18 and CD02, DOC decreased to 0 mg/L ( Figures 2U-W and S5F ). Groundwater DOC concentrations fluctuated in the upgradient well CU01, an increase to 6.2 mg/L then decreased to 3.6 mg/L ( Figure 2W ). There were slight increases in DIC in CD18 and CD01, but not in CD02, nor upgradient well CU01 ( Figures 2U-W and S5F ). 
Reduced Regions As Redox Buffers Retaining Uranium
Throughout the experiment, DO delivered into the aquifer did not result in an increase in measurable groundwater DO, indicating immediate consumption within the bioreduced region of the aquifer.
Reduced inorganic chemical species and minerals such as aqueous Fe(II) and FeS minerals respectively, complex organic matter, and detrital biomass may contribute to the oxidative buffering capacity providing sufficient reducing equivalents to remove an oxidant including DO from the system.(13,21) Thus, reduced regions can protect against the oxidation of reduced U(IV) minerals.
The growth and activity of aerobic respiring microorganisms likely maintain anoxic conditions by the consumption of DO, and some fermenting species are also expected to increase upon exposure to and CU01 during Phase 1, groundwater U concentrations did not rise, rather they were observed to decrease (CD01) or remain unchanged (CU01). As such, these results are not consistent with adsorption as a primary mechanism controlling U mobility during the DO injection phase and the decrease in groundwater U concentrations. An alternative explanation is the incorporation of U into iron oxides. However, during Phase 5 when a significant loss of groundwater Fe was observed, (indicative of precipitation), U was released back into the groundwater. As such, U incorporation into Fe(III) oxides would not be the sole mechanism controlling U mobility in the aquifer.
Microbial and Viral Responses
Prior acetate injections increased microbial biomass in the aquifer and increased subsurface organic carbon. As such, microbial activity would be expected to be greater in the biostimulated region of the aquifer. Following intrusion of O 2 into a reduced zone, biomass growth and activity from aerobic heterotrophs, fermenters, nitrate reducers, sulfate reducers, and chemolithoautotrophs are expected. 
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